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Future distribution systems
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Optimizing system operation
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Optimizing system operation
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Optimization challenges
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Optimization challenges
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Optimization challenges

[real data from Anatolia, CA]
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Takeaway:
fast dynamics require fast-acting algorithms
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Objective: network-optimal distributed control
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Objective: network-optimal distributed control
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Objective: network-optimal distributed control
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Objective: network-optimal distributed control

Desiderata: |[u!, u®?!|> < B(a, )
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Objective: network-optimal distributed control

Desiderata: |[u!, u®?!|> < B(a, )
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Traditional distributed optimization
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Objective: network-optimal distributed control
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Prototypical optimal power flow

(OPF") min Z fi(uy)
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subject to i = Yv, and
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Prototypical optimal power flow

(OPF") min Z fi(uy)

V,1>{uz}zeg .
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Compact set
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Prototypical optimal power flow

(OPF") min Z fi(uy)

Va1>{u2}169
subject to i = Yv, and
Vil; =P, — P, +j(Q: — Qq;), Vi€ g

Vn‘[;; — _Pg,n _jQz,Tw Vn € N\g
Vmin§|v;‘§vmax \V/ZEN
u; Ey,f Vieqg

O Non-convex (and NP-hard) quadratically-constrained quadratic program
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Prototypical optimal power flow
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Vala{u’t}teg

subject to i = Yv, and
Vil; =P, — Py; +j(Qi — Qp,), Vi€ g

Vn‘[;; — _Pg,n _jQz,Tw Vn € N\g
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O Non-convex (and NP-hard) quadratically-constrained quadratic program

O Heuristics and off-the-shelf solvers: do not ensure optimality and impede distributed solutions

O Relaxation: Second-order cone [Jabr’06], [Farivar-Low’13]

Semidefinite programming [Bai et al’08], [Lavaei-Low’12], [Dall’Anese-Zhu-Giannakis’13]

Q Linearization/approximation [Turitsin et al’11], [Bolognani-Zampieri’12], [Dhople et al’15]
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A linear approximation of the AC power flows

0 Objective: v~Hp+Jqg+Db
p~Rp+Bq+a

0 Setv = v + e, and discard second-order terms to obtain diag (v*) Ye
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A linear approximation of the AC power flows

0 Objective: v~Hp+Jqg+Db
p~Rp+Bq+a

*

0 Setv = v + e, and discard second-order terms to obtain diag (v*) Ye =s

O Empirical evidences: error < 0.2%

Voltage Approximation Results for Peak and Off-Peak Solar
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S. Guggilam, E. Dall'Anese, Y. C. Chen, S. V. Dhople, and G. B. Giannakis, "Scalable Optimization Methods for Distribution Networks with
High PV Integration,” IEEE Trans. on Smart Grid, under review.
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An approximate AC OPF

/(Plt) min Y fH(w) \

{uitieg Py

subject to
95, ({ustieg) <0 Vn e N
dn({uitieg) <0 Vn e N
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a 92({112‘}1‘69) = ymin sz - Zz‘eg[rfz,z‘(Pi - Pf,i) + bfm(@i - QZ,Z-)]
gn({uiticg) = Zieg["“fz,i(Pi - PEt,i) + bfz,i(Qi - in,i)] +cf, — Vmax

NATIONAL RENEWABLE ENERGY LABORATORY



An approximate AC OPF
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An approximate AC OPF

-

-

min th u;)

{uz}zeg ic

subject to
gn({ui}ieg) <
n({uitieg) <
u; € YV}

0
0

Vn eN
Vn e N

Weg/

0 (Ass. 1) fI(u;) convex and continuously differentiable

O (Ass. 2) The map gt(u) := [V

O (Ass. 3) Slater’s condition holds
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An approximate AC OPF
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An approximate AC OPF

/(Pl@ min Zﬁf)(uz) \

{uitieg &

subject to
9%)({111'}1'69) <0 Vn e N
GE({uidieg) <0 vn € N

\ uiej@ Weg/

Q (Ass. 4) |[utttl —u*t| <oy

0 (Ass. 5) gt (un ) — g (u)[ < og and gt (ut ) — gl (ut)] < oy
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An approximate AC OPF

/(Pl@ min Zﬁf)(uz) \

{uitieg &

subject to
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An approximate AC OPF

/(Pl@ min Zﬁf)(uz) \

{uitieg &

subject to
9%)({111'}1'69) <0 Vn e N
GE({uidieg) <0 vn € N

\ uiej@ Vieg/

0 Ly, (0, v, p) o= L'y, p) + vl[ul]|3 — ey )13 — ell )13

> max~, gy ming L}, (u’,~, p)

opt,t opt,t opt,t
utPhr, P, puoP

unique primal-dual solutions

O Benefit: linear convergence without averaging (time invariant case) [Koshal et al’11]
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Outset: online regularized primal-dual method

QO Ateachtime t:

ult! = Projye {uf —aVy, L, (u,7, u)|u§,7t,ﬂt}
Tt = projr, {7, + (g, ({uiticg) — evh)}

pn' ' = projg, {un, + (g, ({uitieg) — eun)}

O Linear convergence within a ball [Simonetto et al’14]; time invariant in [Koshal et al’11]
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Outset: online regularized primal-dual method

QO Ateachtime t:
ut+!

t+1

= Projy: {uf — aVy, L,t/,e(u, v, u)|u§,7t,ﬂt}

Tt = projg, {7, +alg,({ui}icg) — en)}

t+1

pn = projg, {us, + a(gn({utticg) — eur)

O Linear convergence within a ball [Simonetto et al’14]; time invariant in [Koshal et al’11]

QO Where is the feedback? Open loop!
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u§+1 = projyie {uﬁ - aVuiLflye(u,'y,p)ngyug}
Tt = projg, {7 + algn({uitice) — e}
Wt = projg, {ph, + (g, ({ul}tieq) —eup)}
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Network feedback control

O Open-loop optimization:

ult! = Projye {uf —aVy, L, (u,7, u)|u§,7t,ﬂt}
Tt = projr, {7, + (g, ({uiticg) — evh)}

pn' ' = projg, {un, + (g, ({uitieg) — eun)}
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Network feedback control

O Open-loop optimization:

u}z+1 — projyf {uf — onuiL,t/,e(u,'y, I,L)luf,fyt,ut}
Tt = projr, {7, + (g, ({uiticg) — evh)}

pn' ' = projg, {un, + (g, ({uitieg) — eun)}

O Closed-loop strategy:

it = profy {u! — 0V L (07,1 e

Tt = projg, {7y, + (V" — [V, (1) —ey),) }
po = proje, {ph +a(|Va(0)] = VI —euy,)}
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Network feedback control
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Network feedback control

uttl = projy {uf — aVy, L, (u,7, p,)|u§,7t’ut}

i

- —
=

t+1

i

_prOJyt {11 —OéVuJth/E( ,’7,[.L)|u§’fyt“ut}

=

.-

—‘H
=
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Network feedback control

ul*! = projy, {u — aVy, Ly, (u,7, u)lug,vt,ut}

u — aVuJL,t/E( ,'7,[.1;)|u§’fyt,,ut}
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Network feedback control

t+1 : t min _ t
%;_1 pro_?&_ {%Z + a(V ‘Vn(t)‘ 6771)} 11§+1 — pront {u — ogv Lt (11, Y, /,l,)|u§,»7t’,ut}
pn = projr, {p, +a([Va ()] = VI —euy) | l
u§+1 — pI'OJyt {u — aVuJL,t/e( ,7,u)|u§’ﬁyt,ﬂt}
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Network feedback control

\ 4
t+1 : t min t
= + (VT — |V, ()] — t 1
O s S —prom {ut = aVu L 0, )ty
p = projg, {py, + a(|Vu ()] = VP — ey} l
t+1_prOJyt {u —aVuJL,tje( ,'7,[.1;)|u§’fyt,,ut}

.-
s
=

:

=
Va (1))
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Network feedback control

\ 4
t+1_ : t min t
+ (VT — |V, ()] — t 1
R S L —prom {ut = aVu Ll (07 )t e}
p = projg, {py, + a(|Vu ()] = VP — ey} l
t+1_prOJyt {u —aVuJL,tje( ,'7,[.1;)|u§’fyt,,ut}

.-
s
=

:

=
Va (1))

O No need to know loads at all nodes!
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Network feedback control

QO Ateachtime t:

Tt = projg, {7, +a(V™ — [V, (1) — ey),) }
™t = projg, {u, +a(|Va ()] = V7 —epl,) }

Y = projg, {75 +a(V™" — [V (0)] - ev))} uttl —
o 7
it = projg, {ph, +a(|Va(t) = V™" — ept)} ¢
-
g

O Convergence?

O Optimality?

[Va (8)]
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Incorporating voltage measurements

0 pptt = projg, {uh + a(Va(t)| = V™™ —ept) }
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Incorporating voltage measurements

0 pptt = projg, {uh + a(Va(t)| = V™™ —ept) }

\ )
I

7& VH/LIt/,e(ua v /*l')
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Incorporating voltage measurements

0 pptt = projg, {uh + a(Va(t)| = V™™ —ept) }

\ )
I

# VL, (u,7,p)

0 Discrepancy: | ¢
A = projg, {1+ oV — V,(0)]  ex)} ut™! = projy, {uﬁ - aVuiL,t,e(u,'y,u)|ugy—yt,ut}
it = projg, {1, + o ' '

O Approximation errors ( < 0.2%)

O Measurement errors

O Updates faster than underlying dynamics

O Slow responding inverters
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Incorporating voltage measurements

0 pptt = projg, {uh + a(Va(t)| = V™™ —ept) }

\ )
I

# VL, (u,7,p)

O Discrepancy:
O Approximation errors ( < 0.2%)
O Measurement errors

O Updates faster than underlying dynamics

O Slow responding inverters

o (ass. 6) max]ley [z, ey} <€, Vi>0
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OPF point pursuit

t+1 . t o v Lt

7 — prOJyf U, — Vy, V7€<11,")’, I’l‘)luf,"}’t,ut
Tt = projg, {7}, +a(V™ — [V, (1) — ey),) }
p = projg, {uy, +a((Va(t)] = V& —eu,) }

u

/Theorem [Dall’Anese-Simonetto’16]. Under current modeling assumptions, if the stepsize?
chosen such that:

272 1
1 —2na+ « Lu,e < (1+61)(1+82)

then the following holds for the closed-loop system above:

lim sup,_, . ||zt — z°PHt||3 = % [(1 + B2) (1 + %)04262 4 (1 + %)03},

Qhere 2t = [(u)T, ()T, (u*)T]T, and p(e) = (1 + B1)(1 + B2)(1 — 2na + o*L7 ). /
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OPF point pursuit
t+1 __ . t t
u;, = PTOJyf {ui - avui Ll/,e(“? ag I’l‘)lu’é,"}’t,ut}
Yo - = Projp, {v, +a(V = V()] —evp) )
po = proj, {py, +a([Va(t)] = VU™ —epp,) }

/Theorem [Dall’Anese-Simonetto’16]. Under current modeling assumptions, if the stepsize}
chosen such that:

272 1
1 —2na+ « Lu,e < (1+61)(1+82)

then the following holds for the closed-loop system above:

lim sup,_, . ||zt — z°PHt||3 = % [(1 + B2) (1 + %)04262 4 (1 + %)03},

Qhere 2t = [(u)T, ()T, (u*)T]T, and p(e) = (1 + B1)(1 + B2)(1 — 2na + o*L7 ). /

n—y/n*—L2 E n+y/n*—-L2 E 1 1
- 7 <a< TV , P=l - o
v,e V,€
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Case study

ARA A

residential E -El
ANSI C84.1 limit

| e
EE".‘:;%%»

I L v A\ Y
11
commercia l

O Increased likelihood of overvoltage conditions due to “reverse power flow” [Liu-Bebic’08]
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Case study

residential jﬁ,‘i

L F e
ﬁﬂk»

commercia

a Currently explored: Q,

a Volt/VAr \

O Real power curtailment

y

¥ 4
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Case study

O |IEEE 37-node test feeder

O Real load and solar irradiance data
from Anatolia, CA

O First-order-type response of PV inverters
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Case study

Qa
Q Volt/VAr, no deadband
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Case study

O Proposed controllers
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Case study

O Cost of ancillary service provisioning

Cost

OPF pursuit

O — | | | |
6:00 8:00 10:00
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Concluding remarks

O Bridging the time scales of control and optimization

O Increase speed of power command computation to ensure adaptability and optimality

0 Convergence to OPF solution

O Future efforts towards

O Validation and implementation

O Extension to account for various grid constraints and services
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Thank you!

Comments?
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Backup slides
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OPF point pursuit

ultl = = Projy: { onuz.Lt,/,e(u,'y, p,)|u§,7t’ut}
t+1

Tt = projg, {1, +a(V™ = |[Vu(t)| —ev,)}
pyt = projg  {ph, + o[V (t)] — V™" —epy,) }

/Theorem [Dall’Anese-Simonetto’16]. Under current modeling assumptions, if the stepsize}

chosen such that:
2712 1
1 —2na+ « Lu,e < (1+81)(1+82)

then the following holds for the closed-loop system above:

L [(1 + Bz)( = >a262 + (1 1 %)0—3],

*,k || 2
I3 =

limsup,,_,, ||z° — 2z

Qhere 2t = [(u)T, ()T, (u*)T]T, and p(e) = (1 + B1)(1 + B2)(1 — 2na + o*L7 ). /

vlli Eﬁ,e(“a 7, ,LL)|

ak ", "
Lue = &": {uF +" p"} = | —(gF({@F}ieg) — €9F)
(gn({uk}leg) - elun)
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Exploiting inverter flexibility

Microcontroller

Computation & Comm. Q Xz (t> — fz (Xi (t), dz (t)7 ui)

local controller / PWM

NN @

[ Zfilter /\ O
d U' =

gzz((?) ] (output powers)

&
U
k.
S

’L

| |
= T Y R0,

Power semiconductors

(commanded setpoint)

’L
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Exploiting inverter flexibility

Microcontroller

Computation & Comm. Q Xz (t> — fz (Xi (t), dz (t)7 ui)

local controller / PWM

NN @

[ Zfilter /\

] °
LAV 0 e aw e [ z

gzz((?) ] (output powers)

&
U
k.
S

(commanded setpoint)

’L

Power semiconductors

0 For constant commanded inputs u; € )/;, there exists an equilibrium point x; € )J; that satisfies:
0= f’L (X'i7 di) uz)
X; = 4u;

and the this point is asymptotically stable [Yazdani-Iravani '10], [Dorfler et al’14], [Johnson et al’15]
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Local control paradigms

-
[ o= »[xxt):f@() -
i \
Local rules
~]
a Volt/VAr control: |\ "V

O Active power curtailment [Tonkoski et al'12]: Bi[tx] = P& — m(|Vi[ts]| — V™))

O System-level benefits? Stability?
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Network optimization paradigms

Weather Load Data

e || S

f \ u?pt [ < (t) . ( )
u*'l,co = arg min t(u, > J AY
(0o = arg min 3 fi(u) '

i€G

subject to
gn({uitieg) <0 VneN
=0

ha({ui}ieg) VneN | 1oPt
k u, € V! Vi QJ;»[ x;(t) = £i(+) ]—»

O Optimal power flow (OPF) formulations

O Centralized — via MINLP solvers [Khodr et al ’07] or convex relaxations [Lavaei-Low’12]
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Network optimization paradigms

u;[ty] = argminy; £;(u;) u

i““[xj[tk]—xj[tk1]+agj<uj[tk],dj> : [xj(t):fj(')‘ 5,

) opt
u;[t] = argming, £;(u;) ujp el

J

S

\,\\_/f—/

u;[ty] = arg miny, £;(u;) u” [ xi(t) = £ (") }_’
TTTT Nilte] = Nilte—1] + o (wilt], dy) ' !

O Optimal power flow (OPF) formulations
O Centralized — via MINLP solvers [Khodr et al ’07] or convex relaxations [Lavaei-Low’12]

O Decentralized — via subgradient [Zhang at al’13] or ADMM [Dall’Anese-Zhu-Giannakis’13]
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Network optimization paradigms

u;[ty] = argminy; £;(u;) u

i““[xj[tk]—xj[tk1]+agj<uj[tk],dj> : [xj(t):fj(')‘ 5,

) opt
u;[t] = argming, £;(u;) ujp el

\\’\/r/ J

1 (] ]

1 ) )

1 (] (]

: ] i, £4(w,) u,”

1 u; |t = argminy, L;(u; i . el
'““[Ai[tk] = Aiftn—1] + ag;(wfty], dy) [ %) =6()

Slow(er) time scale Fast(er) time scale

O Optimal power flow (OPF) formulations
O Centralized — via MINLP solvers [Khodr et al ’07] or convex relaxations [Lavaei-Low’12]

O Decentralized — via subgradient [Zhang at al’13] or ADMM [Dall’Anese-Zhu-Giannakis’13]

a Do not acknowledge grid-edge dynamics
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Shrink time scales

N
w[t4] = arg miny, £, (u;) wlt) e |_.
__-—[ Ajltk] = A;[tei] _,_agj(xj[tk],dj) >[ X; (t) = fj(')
; S o

u; = argmin, £;(u; b i (L A
_{ ][tk] g u; E]( J) u]( )»[ Xj(t) _ fj(') .-

Comm Ajlte]) = Ajlte—1] + ag; (x;[te], dj)) )
i
: : t AN
! °
: _ : u; t
L__-[ui[tk] = arg miny,, £;(u;) ( ) [ Xl(t) _ fz()
Ailte] = Ailte—1] + ag; (xi[tx], di)
t N

O Goal: synthesis of controllers that seek solutions of optimization problems
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Shrink time scales

N
w[t4] = arg miny, £, (u;) wlt) e |_.
__-—[ Ajltk] = A;[tei] _,_agj(xj[tk],dj) >[ X; (t) = fj(')
; S o

u;|ty| = argmin (uy ) u(t A
.{ slte] = axg it £5(u;) ik )>[ x;(t) = £5(:) -

Comm Ajlte]) = Ajlte—1] + ag; (x;[te], dj)) )
i
: : t AN
! °
: _ : u; t
L__-[ui[tk] = arg miny,, £;(u;) ( ) [ Xl(t) _ fz()
Ailte] = Ailte—1] + ag; (xi[tx], di)
t N

O Goal: synthesis of controllers that seek solutions of optimization problems

O Benefits: adaptability to (fast-)changing conditions; operation efficiency

O Key questions: convergence? Communications and complexity constraints?
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